Excision of developing potato (Solanum tuberosum L.) tubers from the mother plant, followed by storage at 10°C, resulted in a rapid, substantial decrease in sucrose synthase activity and considerable increases in hexose content and acid invertase activity. A comparison of the response of three genotypes, known to accumulate different quantities of hexoses in storage, showed that both sucrose synthase activity and the extent to which activity declined following excision were similar in all cases. However, there was significant genotypic variation in the extent to which acid invertase activity developed, with tubers accumulating the highest hexose content also developing the highest extractable activity of invertase. Similar effects were found in nondetached tubers when growing plants were maintained in total darkness for a prolonged period. Furthermore, supplying sucrose to detached tubers through the cut stolon surface prevented the decline in sucrose synthase activity. Maltose proved to be ineffective. Westem blots using antibodies raised against maize sucrose synthase showed that the decline in sucrose synthase activity was associated with the loss of protein rather than the effect of endogenous inhibitors. Although there were indications that maintaining a flux of sucrose into isolated tubers could prevent the increase in acid invertase activity, the results were not conclusive. 
3.2.1.26)
. Sucrose synthase is a cytosolic enzyme (8) , whereas invertase can be located in the cell wall, vacuole, or cytosol (9, 1 1). Neutral or alkaline invertases are generally believed to be cytosolic enzymes (12) , although there are reports of association with the cell wall (3) .
In starch-storing sinks such as potato tubers, in-coming sucrose is degraded predominantly via the sucrose synthase pathway (15, 24) . An important feature of the sucrose synthase reaction is the conservation of the energy in the glycosidic bond of sucrose, thus making it more efficient, energetically, than the invertase pathway (5, 27) . Sucrose synthase activity declines as tubers mature on the plant (19) and in mature, stored tubers, acid invertase activity predominates (20) . In a previous article, it was reported that the decline in 287 sucrose synthase can be accelerated by excising the tuber from the mother plant (18) , although the effects on sugar balance and of tuber maturity in response to excision were not addressed.
In the present study, we examine in detail the consequence of excising tubers at various stages of development on the change in sugar balance and the activities of sucrose-cleaving enzymes during a subsequent storage period at 10°C. The effect of genotype on the response is also reported. This complements work published previously on the influence of genotype on sugar accumulation in tubers stored at low temperature (21) and on sugar metabolism in developing tubers (15, 23) . Furthermore, whereas Claussen et al. (2) suggested that sucrose regulates sucrose synthase activity, this hypothesis has not been adequately tested for starch-storing sink tissues such as potato tubers. The present study addresses the question of regulation of enzyme levels by sucrose (assimilate) flux.
MATERIALS AND METHODS

Tuber Excision and Postharvest Storage Experiments
Potatoes (Solanum tuberosum L.) cvs Cara, Record, and Brodick, were grown in the field at the Scottish Crop Research Institute as described previously (21 Lyophilized and finely ground samples were extracted in 80% ethanol at 70°C and the concentration of glucose, fructose, and sucrose determined using enzyme-coupled reaction systems (21) . In 14C experiments, ethanol extracts were prepared as above and total 14C in the soluble fraction determined. The remaining tissue pellet was gelatinized, digested with amyloglucosidase (25) , the entire sample shaken thoroughly, and several aliquots removed for scintillation spectrometry (insoluble fraction). The ethanol extracts were freeze-dried and the distribution of label between glucose, fructose, sucrose, and maltose determined by HPLC. Sugars were separated on a 15-cm reverse-phase amino column using acetonitrile:H20 (85:15 v/v) as the mobile phase (flow rate, 2 mL min-'). Radioactivity in sugar peaks (refractive index detection) was measured by liquid scintillation counting. Preliminary studies with "'C sugars showed that less than 2% of maltose or sucrose added to tuber tissue before extraction was degraded as a result of the procedures used. Invertase activity before (basal) and after (total) destroying the endogenous invertase inhibitor by extensive foaming was determined as described previously (21) . Essentially, total invertase was measured after foaming de-salted extracts by vortexing for 90 min in test tubes fixed to a flask shaker operating at maximum speed. The recovery of yeast invertase added to tuber extracts and taken through the entire process was 82% for foamed extracts and 90% for nonfoamed extracts. The activity ofyeast invertase added was approximately equal to the activity oftuber invertase. Both developing tubers detached from the mother plant for 12 d (high invertase samples) and tubers detached for only 5 min (low invertase samples) were used for recovery experiments. Results indicated no effect of tuber treatment on the recoveries of invertase activity. Invertase activity was assayed under optimum pH and substrate conditions in 0.1 M acetate buffer, pH 5, containing 250 mm sucrose. These conditions were optimal for both developing and stored tubers. Numerous pH curves were produced from the various treatments imposed. These revealed no specific alkaline invertase. Throughout the text, any reference to tuber invertase therefore refers to acid invertase only. Sucrose synthase was assayed in the cleavage direction under optimized pH (7.2) and sucrose (200 mM) and UDP (1 mM) concentrations. The method used was essentially that of Xu et al. (27) . When developing cotyledons of bean ( Vicia faba L.) were extracted together with tuber tissue, the recovery of sucrose synthase was 95% of that expected from independent extractions of tuber and bean material. It is concluded that no major losses of tuber sucrose synthase activity occurred during the extraction procedure.
Protein Determination, Electrophoresis, and Immunoblotting Protein in enzyme extracts was quantified using the BioRad protein assay with BSA as a standard. Approximately 10 jig of soluble protein extracted with the sucrose synthase extraction medium was subjected to SDS-PAGE (7.5% acrylamide) as described by Laemmeli (10) and polypeptides stained with Coomassie blue. In parallel gels, polypeptides were transferred to nitrocellulose and, after immunoblotting with polyclonal antibodies raised to maize sucrose synthase, cross-reacting bands were identified using anti-rabbit immunoglobulin conjugate labeled with alkaline phosphatase. The sucrose synthase antibody was raised against protein extracted from whole kernels of wild type maize and kindly supplied by Dr. Karen Koch, University of Florida.
RESULTS AND DISCUSSION Sugar Balance and Enzyme Activities in Tubers after Detachment
Tubers from field-grown plants of cvs Cara, Record, and Brodick were excised on four occasions during the growing period to provide samples differing in physiological status and chronological age. Genotypic variation in tuber sugar balance, particularly during the postharvest period, is well known. The cvs used were chosen because of their differential accumulation ofhexoses in storage (21) . The hexose (glucose + fructose) and sucrose content of tubers after detachment and during a subsequent storage period at 10°C is shown in Figure 1 . Data for harvests I and 4 only are presented. Similar patterns were observed with harvests 2 and 3, but the data were omitted for clarity. At each harvest date and for each genotype, the tuber hexose content was low at excision but increased substantially within the first few days in storage. As predicted, the three genotypes showed consistent differences in the rate and extent of hexose accumulation, with cv Cara accumulating the highest concentration and cv Brodick the lowest. Changes in sucrose content after excision were far more variable with no consistent differences between genotypes. The fact that a decline in sucrose content did not always accompany hexose accumulation implies that the sucrose pool may be replenished as a result of starch breakdown (6) . The loss of starch required to deliver the observed increase in hexoses is not measurable with any accuracy (70% of tuber dry matter is starch, but less than 1-2% is soluble sugar).
Tuber excision also resulted in a rapid and substantial increase in acid invertase activity at each stage of tuber development examined. This was evident when both total and basal activities were plotted (Fig. 2) . Again, data for harvests 2 and 3 are omitted for clarity. In some cases, a 10-fold increase in activity occurred within 3 d after excision. In general, invertase activity in the high sugar accumulating genotype Cara was significantly and consistently higher than in the lowest sugar accumulator, Brodick. Often, the most substantial difference in invertase activity between genotypes and invertase activity and decreases in sucrose content and a b sucrose synthase activity (Fig. 5) In contrast to acid invertase, sucrose synthase activity declined rapidly after tuber detachment and by as much as 84% in 2 d (Fig. 3) . Experiments in which extracts from attached and detached were mixed showed that this was not due to the presence of an inhibitor in excised tubers. Similar activities were found in all three genotypes. As with sucrose content, enzyme activity declined between the first and final harvests (Fig. 4) and in many cases there was no measurable activity in stored tubers. The results suggest that acid invertase rather than sucrose synthase regulates sucrose hydrolysis in stored tubers and that sucrose concentration or sucrose flux modifies sucrose synthase activity. Sucrose is known to regulate the expression of a number of genes in plants (4, 7) . Of particular relevance is the positive effect of sucrose on the expression of potato genes including those encoding patatin (26), sucrose synthase (22) , and ADP-glucose pyrophosphorylase (16) . The latter experiments were carried out with leaf and stem tissue. Analyses were carried out immediately after tubers were collected. Key to genotypes: Cara (0, *), Record (A, A), and Brodick (El, ).
Bars represent SE of the mean. of sucrose in the cytosol and vacoule and to relate these to sucrose synthase activity. When tubers were supplied with maltose, the correlation between maltose uptake and sucrose synthase activity was poor (r = -0.35). Similarly, there was no significant correlation between invertase activity and sucrose uptake (total r = -0.28, basal r = -0.061). HPLC analysis showed that at the end of the incubation with [14C] sucrose, more than 50% of radiolabel in the soluble sugar fraction was present as sucrose, 1 to 2% as maltose, and the remainder equally distributed between fructose and glucose. (Fig. 7) . The molecular mass of potato tuber sucrose synthase has been estimated at 290 kD ( 19) , but generally the enzyme is a tetramer consisting of subunits ranging from 87 to 100 kD (14, 17) . In Figure 7 , the respective activities of sucrose synthase in extracts electropho- 
